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DIRECT MASS MEASUREMENTS OF LIGHT NEUTRON-RICH
NUCLEI USING FAST RECOIL SPECTROMETERS

David J. Vieira, Jan M. Wouters, and the TOFI Collaboration
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Extensive new mass measurement capabilities have evolved with the de-
velopment of recoil spectrometers. In the Z=3-9 neutron-rich region alone, 12
neutron-rich nuclei have been determined for the first time by the fast-recoil
direct mass measurement method. A recent experiment using the TOFI spec-
trometer illustrates this technique. A systematic investigation of nuclei that
lie along or near the neutron-drip line has provided a valuable first glimpse
into the nuclear structure of such nuclei. No evidence for a large single-particle
energy gap at N=14 is observed; however, a change in the two—neutron sepa-
ration energy trend is found at N=15. This change is correctly predicted by
shell model calculstions, and is interpreted in terms of the smaller 1a,/5-1s,,

inter iction compared to that of the 0ds;/3-0ds;; neutron-neutron interaction.

INTRODUCTION

In the study of light exotic nuclei, the ground state mass is often one of the
first pieces of quantitative information to be learned about a “new” or previously
unobserved nucleus. Because the mass of a nucleus reflects the interplay of
nuclear and Coulomb forces, valuable insight into the nuclear structure of such
nuclei can be obtained from their measurement. In the present case, we seek
to test and refine our understanding of nuclei that lie far from the valley of -
stability. Do these exotic nuclei have the same type of shell structure as nuclei
that lie close to stability? Can the new regions of deformation being observed
in exotic nuclei be understood in terms of conventionial models? And does the
nucleon~nucleon pairing energy decrease with increasing isospin, as recently
suggested by Vogel ¢t al.7' We can take the first steps toward answering these
and other interesting questions by making a systematic investigation of the
masses of axotic nuclei.

In this paper, we concentrate on the masses of light neutron-rich nuclei.
The current status of the mass eurface in this region is shown in Fig. 1, where
the shading of each squar~ shows the accuracy with which the mass of each
isotope has been measured. Since the compilation of Wapstra and Audi,? sev-
eral new measurements have been performed (indicated by the darker shaded
squeres in Fig. 1). Of the 27 isotopes whose masses have been determined
for the first time, 21 were measured with fast recoil spectrometers. This new
technique relies on the direct mass measurement of fast reaction products. The
method is not only fast (transit time ~'1 usec) and accurate fom/m = 10~
100 ppm; 0, = 100-100C keV, depending on production rates), but it also per-
mits the simultaneous mass determination of many nuclei throughout an entire
A and 2 region. The first examplee of such measurements have been carried
out in the light mass region; these examples are highlighted in this and the
following paper.?
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FIG. 1. A section of the chart of the nuclides showing the light mass region.
Stable nuclei are indicated by black squares; nuclei whose masses have been
determined are shaded according to their quoted accuracy (see Ref. 2): open
squares indicate nuclei which have been identified to be stable with respect
to prompt nucleon (two—nucleon) emission, but for which no mass has been
reported; and X indicates nuclei that are nucleon unstable. Recent mass mea-
surements are indicated by darker shaded squares (vee legend).

The -ecoil spectrometer developments have heen pioneered by two groups,
one working with the energy-loas spectrometer (SPEG) at the Grand Accéiérateur
National d'Ions Lourds (GANIL) and the other using the Time—of-Flight Iso-
chronous TOFI} spectrometer at the Los Alamoe Meson Ph_ sics Facility (LAMPF).
At GANIL, projectile fragmentation reactions are used to produce exotic nu-
clei, and a combined velocity and magnetic rigidity measurement is employed
tc produce mass determinations. In contrast, LAMPF uses proton-induced
target fragmentation reactions as a source of neutron-rich nuclei and employs
a new type of time—of-flight recoil spectrometer to extrast masses from a higl.-
resolution, mass—to—charge determination. Both groups have made extensive
measurements throughout the light—mass neutron-rich region. We will restrict
our discussion to the Z=3-9 neutron-rich region, whereas the following paper
will concentrate on the Z=10-15 region.

TOFI MEASUREMENTS IN THE Z=3-9 REGION

To illustrate these measurements, we will briefly describe a recent axperi-
ment using the TOFI spectrometer (see Ref. 4 for more details).

A schematic of the TOFI spectrometer and its associatad transport line is
shown in Fig. 2. Large yields of exotic nuclei are produced in the scattering
chamber when LAMPF's 1-mA, 800-MeV proton beam strikes 2 !-mg/cm?
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FIG. 2. Schematic of the TOFI spectrometer and its associated iransport line.

2stTh target. Some of the reaction products recoiling out of the target are
captured by a secondary beam transport line.? Because proton-induced target
fragmentation is not strongly angle dependent at this energy, the transport line
has been conveniently located at ~90 degrees to the primary beam.

The transport line consists of four electromagnetic quadrupole triplets and
a small, separated-sector mass-to—l.arge filter. A collimator is located at the
intermediate focus position (approximate halfway through the line), where a
mass-to—charge dispersed image of the illuminated target spot is produced.
Here the high rate of uninteresting ions with mass-to—charge ratios (M/Q) of
< 2.0 are grea‘ly reduced t> avoid count rate problems in the spectrometer. In
the second half of the transport line, the veiocities of the recoils are measured
over a path length of ~10 m by thin—foil, secondary—electron, microchannel-
plate (MCP) intensified, fast-timing detectors® located both just downstream
from the M/Q collimator and at the entrance of the spectrometer.

The spectrometer has been designed to be isochronous so that the flight
time of ions passing through the system provides a precise measure of the mass-
to—charge ratio.” Fow' identical dipole magnets are arranged so that ions of
a particular mass-to—charge ratio, but of lower (or higher’ velocity than the
selected mean velocity, take a shorter (or longer) path length through the sys-
tem in such a way that the same overall flight time results. In addition, the
spectrometer is one-to—one imaging and nondispersive overall so that small-
area, fast-tim 'ng detectors can be used while a reasonably large solid angle and
momentum-to—charge acceptance ({I = 2.5 msr and 6(p/Q)/(p Q) = 4%) are
maintained. The fourfold unit—cell symmetry of the system leads to small tim-
ing aberrations that result in high mess-to—charge resolution for a wide range
of M/Q species without using ray-tracing techniques. In this experiment where
the spectrometer was set for a momentum-to—charge of 210 MeV/c/Q, a tim-
ing resolution of ~180 ps (FWHM) was obtained between two MCP fast-timing
detectors (one located at the entrance and the other at the exit of the spec-
trometer). For a typical flight time of ~500 ns, a relative time resolution—and
consequently mass-to—charge resolution—of §T/T = §(M/Q)/(M/Q) = 3.6 x
10~4 was obtained. This performance was limited by the fast—timing detec-
tors and their associated electronics and not by the intrinsic resolution of the
spectirometer.
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Masses are extracted from the measured mass-to—harge (time—of-flight)
spectra that have been gated according to atomic number and charge state (see
Fig. 3). The atomic number was determined from measurements of the ion's
velocity and stopping power; the charge state was obtained from the measured
velocity, total energy, and mass-to—charge ratio. In the present experiment,
the stopping powe: and total energy were measured in a AE (20-um) - E
(720~pm) silicon detector telescope positioned immediately downstream from
the MCP detector &t the exit of TOFI. To further reduce the effects of isobaric
croes—contamination, the mass resolution of TOFI was used to directly resolve
isobars.

Using the direct mass measurement approach, the centroid of each M/Q
line (determined by moments analysis) is related to the mass of that particular
species. The centroids of lines with known masses were used to calibrate the
system so that the masses of “unknown” lines could be determined. Small
corrections to each centroid were made to account for time-to—amplitude walk
and nonlinearities of the electronics. A typical calibration contained ~80 known
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corresponding M/Q and Q spectra obtained for Z=9 selected events; (d) the
resulting Z=9 and Q=8 gated M/Q spectrum. The measured Z. Q, and M/Q

resolutions are 3.5%, 1%, and 3.6 x 104 (FWHM), respectively.

FI1G. 3. (a) An ungeted Z spectrum collected in a 24-h period; (b) and (ciA‘.he

4-



mass-to—charge lines. Table I shows final masses determined from a weighted
average measurement of several runs (and different charge states where possible)
taken over a 4-week data collection period. The quoted uncertainties result

from a sum of statistical, calibration, and systematic uncertainties; the latter
equaled ~2% of the line (~17 keV/Q).

DISCUSSION

Figure 4 shows a comparison of all recent mass measurements in the Z=-"-9
neutron-rich region. There is excellent agreemet in all cases excepi '*Be and
22N, were the measurements disagree at slightly beyond the one standard devi-
ation level. Refinements in the fast-recoil direct mass measurement technique
are indicated by both the reductions in errors and the determination of addi-
tional neutron-rich nuclei with each succeasive experiment. Of the nuclei that
have been shown to be stable with respect to prompt neutron (or two-neutron)
emission,!? only the masses of '°B, 33C, and 3*N remain to be measured.

In Fig. 5, the masses are plotted in terms of the two—neutron separation
energy, Saa, ve neutron number. This plot provides a convenient way of remov-
ing odd-even neutron-pairirg energy effects so thut other nuclear structure
features, such as energy gaps in the single—particle levels or changez in nuclear
deformation, stand out more clearly. Of particular interest here is the question
of a subshell closure at N=14. If a large energy gap between the neutron 0d;/;
\nd 1sy/; energy levels did exist, a significant decrease in Sz, values after N=14
would be expected. However, for the neutron-rich isotopes of oxygen, fluorine,

TABLE 1. Total number of observed events and determined mass excesses
(errors given in parentheses).

No. of Mass Lixcess

AZ Events (uu)® (MeV)

o 168 43780 (130) 40.78 (.12)
14Be 95 42600 (150) 39.74 (.14)
178 106 46£30 (180) 43.62 (.17)
19C 700 35180 (130) 32.77 (.12)
10¢ 832 40360 (240) 37.60 (.22)
10N 13,018 23389 (1390) 21.78 (.12)
1IN 2,733 26930 (210) 25.09 (.20)
1IN 110 34340 (230) 31.99 (.23)
B30 949 15700 (150) 14.62 (.14)
10 61 20000 (500) 18.6 (.5)

8p 3,312 12210 (150) 11.37 (.14)
of 363 19820 {210) 18.46 (.20)
7F 15 27500 (700) 2568 (.7)

* Although nuclei with long-lived (r > 150 ns) isomeric states are rare
in this region, the population of an, as yet unknown, izomeric state in
one of these isotopes cannot be excluded on the basis of this data.
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FIG. 4. A comparison of recent mass measurements for Z=3-9 neutron-rich
nuclei. The weighted average mass excess is giver in MeV for each isotope;
errors are given in parentheses. The legend references are: Audi-Wapstra 86 -
Qef. 8; SPEG 86 - Ref. 9; SPEG 87 - Ref. 10; TOFI 86 - Ref. 11; and TOFI
87 ~ Ref. 4 and this work.

and neon, no change in the S;, trend is found at N=14, but rather at N=15!
What is happening in this region?

As noted in Ref. 11, the spherical shell model calculations of Wildenthal
et al.'® reproduce the S;, values throughout the sd shell region very well,
with the notable exception of the deformed N=20 region. Based on the good
agreement found in the N=14-16 region (see Fig. 6) and by the fact that
the ground state wave functions are calculated to be relatively pure a simple
shell model interpretation cf tha observed S;, trend can be advanced. First,
we point to the fact that no large decrease in S;, vaiues is cbserved in going
from N=14 to N=18. This indicates that no large eners' gap exists between
the Odg/3 and 1sy/; neutron levels. (In Ref 13, ~1-MeV energy gap between
tliiese levels is given, which is a typical ground state level spacing in these
light nuclei.) Second, the more rapid decrease in S35 values between N=15
and N=16 can be explained by the tfiﬂeronce in the Odg/3—0ds/; and the 1sy/;-
18,/ neutron-neutron interaction energies (the former is calculated to be nearly
twice as large as that of the latter), for it is not until N=16 that no dg/;-
ds/s; interaction is involved in the -emoval of two—neutrons. This provides a
qualitative interpretation of the change in the S;, trend observed at N=15.

When these mass measurements ere compared to *he psd shell model cal-
culations of Brown et al.!* (see Fig. 6), good agreement is found for the carbon
and nitrogen isotopes, but increasing deviaiious ore noted as one moves to
lighter nuclei. The theoretical under-estimatio or hiading found for ?%77F
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FIG. 5. Two—neutron separation energy vs neutron number for isotopes of
lithium to neon. Solid circles indicate nuclei that have been measured by fast
recoil spectrometers, and the open circles show data taken from Ref. 8. Error
bars are indicated where they are larger than the symbol size.

could be related to the onset of prolate deformation, as observed for the N=19-
20 isotones of sodium and magnesium, but the messurements of ?*3°Ne are
neeced to confirm this interpretation.

In Fig. 7, comparisons to three other approaches are seen. The macroscopic-
microscopic model of Tachibana et al.!® gives reliable masses, except in the
N=15-17 region. This likely reflects a deficiency in the microscopic part of
the calculation because for nuclei that lie close to stability (e.g., 3*Si), a rapid
decrease in binding occurs after N=14; we do not observe this feature in the
case of these neutron-rich nuclei. Thus, calculations that rely on the masses of
nuclei lying close to stability would be ected to underestimate the binding
energy of these exotic nuclei. Similar trends are also noted for the macroscopic—
microscopic models of M3ller and Nix'® and M3ller et al.}” (not shown in Fig. 7)
and, to a much smaller extent, for the latest Garvey-Kelson mass relationship
predictions of Jinecke and Masson'® and the updated modified shell model
calculations of Wouters et al.* Finally, a significant overestimation of binding
is evident for the Garvey—Kelson predictions for 2°C and 3'/72N. This can be
explained in & manner anaiogous to the arguments above, but in this case the
nuclei used by the mass reiationship sre at or near the deformed 2°Ne region.
The increased binding afforded by this deformation then leads to a more bound

-7-
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squares indicate calculations of Ref. 13 and the open squares indicate Ref. 14.
Error bars represent the experimental uncertainties.

mass ‘«rndlction for N=14, 15 isotones of carbon and nitrogen, which are ex-
pected to be spherical in shape.

CONCLUSION AND OUTLOOKXK

In summary, the development of fast recoil spectrometers has significuntly
advanced our mass measurement capabilities for exotic light nuclei. Some 12
isotopes have been determined for the first time in the Z-:3-9 n-utron-rich
region alone. This progress has lead to an improved understanding of the
light mass surface. There is no evidence for a subshell clocure at N=14 in
these measurements; however, the indication of a weaker s,,3-8,/; interaction

compared to that of the dg/3—ds/; neutron-neutron interaction is evident in

-8-
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squares), Ref. 4 (solid circles), and Ref. 16 (open triangles), and the mea-
sured experimental results vs neutron number, as in Fig. 6.

S3a trend and is supported by shell model calculations. In the future, further
progress can be expected as fast recoil spectrometers are applied to the mass
measurement of heavier nuclei.
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